BK large conductance voltage-and calcium-activated potassium channels respond to elevations in intracellular calcium and membrane potential depolarization, braking excitability of smooth muscle. BK channels are thought to have a particularly prominent role in urinary bladder smooth muscle function and therefore are candidate targets for overactive bladder therapy. To address the role of the BK channel in urinary bladder function, the gene mSlo1 for the pore-forming subunit of the BK channel was deleted. Slo ؊/؊ mice were viable but exhibited moderate ataxia. Urinary bladder smooth muscle cells of Slo ؊/؊ mice lacked calcium-and voltageactivated BK currents, whereas local calcium transients ("calcium sparks") and voltage-dependent potassium currents were unaffected. In the absence of BK channels, urinary bladder spontaneous and nerve-evoked contractions were greatly enhanced. Consistent with increased urinary bladder contractility caused by the absence of BK currents, Slo ؊/؊ mice demonstrate a marked elevation in urination frequency. These results reveal a central role for BK channels in urinary bladder function and indicate that BK channel dysfunction leads to overactive bladder and urinary incontinence.
Overactive urinary bladder and urinary incontinence is a significant health issue occurring in about 51 million (ϳ17%) of the United States population (1) , frequently occurring as a secondary consequence of conditions such as diabetes mellitus, stroke, and spinal cord injury. Urge incontinence is caused by overactivity of the urinary bladder smooth muscle (UBSM), 1 often a result of partial urethral outlet obstruction that can occur during prostate hypertrophy. Currently there is a lack of effective therapeutic agents to control urinary bladder function. Antimuscarinic agents, which impair UBSM contraction, are used to treat urinary incontinence but have limited effectiveness and undesirable side effects. More recently, potassium channel opening drugs have been explored as therapeutic agents for urinary incontinence (2) (3) (4) (5) (6) .
BK potassium channels regulate membrane potential and repolarization of UBSM action potentials (7) (8) . UBSM BK channels are activated by membrane potential depolarization and calcium influx through voltage-dependent calcium channels that occur during the action potential (9) . UBSM BK channels are also activated by local intracellular calcium release through ryanodine receptors (calcium sparks) (10) . Specific inhibition of BK channels by iberiotoxin (IBTX) causes a pronounced elevation in bladder contractility (8, (11) (12) . Deletion of the smooth muscle-specific, modulatory ␤1 subunit decreases the apparent voltage-and calcium-sensitivity of UBSM BK channels, leading to an enhancement of phasic contractility (12) . These studies point to a pivotal role of the BK channel in urinary bladder function.
EXPERIMENTAL PROCEDURES

Generation of Slo
Ϫ/Ϫ Mice-mSlo1 genomic clones were isolated from a 129/SvJ BAC library (Incyte Genomics) using an ϳ1.6-kb EcoRV/XhoI cDNA probe fragment. A 7.8-kb SalI/BamHI genomic fragment containing exon 1 was cloned into pPNT (13) (14) . Synthetic double-stranded oligos containing loxP recognition sequences for Cre recombinase were cloned 5Ј (XhoI site, 5Ј-TCCCTCGAATAACTTCGTATAGCATACATT-ATACGAAGTTATTCGAGCCC-3Ј) and 3Ј (NcoI site, 5Ј-GGATCCATA-ACTTCGTATAGCATACATTATACGAAGTTATCCATGG-3Ј) of exon 1. Enhanced green fluorescent protein containing ␤-globin basal promoter elements and a bovine growth hormone polyadenylation signal (a gift from Dr. Jane Johnson) was subcloned into the mSlo1 intronic sequence at the NcoI site. For removal of the neo cassette, oligos containing FRT recognition sites for Flp recombinase were subcloned into the XhoI and XbaI sites flanking PGKneo (5Ј-CTCGATGAAGTTCCTATACTTTCTA-GAGAATAGGAACTTCGGAATAGGAACTTCTCGAG-3Ј and 5Ј-TCTA-GGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAA-CTTCAGATCC-3Ј). An ϳ1.2-kb BamHI/KpnI mSlo1 genomic fragment was subcloned 3Ј of the neo cassette into XbaI/KpnI of pPNT.
The targeting construct was linearized for transfection with NotI and electroporated into R1 embryonic stem cells. After ganciclovir and G418 selections, six correct integrants were identified by PCR. To verify intact integration of the entire targeting construct, these clones were analyzed by Southern blot using external 5Ј and 3Ј probes on XhoI and BamHI/MfeI-digested genomic DNA, respectively. Two correctly integrated clones were injected into C57Bl/6 blastocyst stage embryos, producing five germ line-transmitting founders.
To generate a whole animal Slo Ϫ/Ϫ mutant, founder males were crossed to FVB-TgN(EIIa-Cre)C5379Lmgd females (Jackson Laboratories), a line that ubiquitously expresses Cre from the adenoviral EIIa promoter. All F1 progeny had stable, germ line-transmissible deletions of exon 1, as confirmed by Southern blot analysis (Fig. 1B) . Heterozygotes were backcrossed Ͼ6 generations to FVB/NJ. Intercrosses to obtain homozygous Slo Ϫ/Ϫ were genotyped by PCR on tail DNA.
PCR Genotyping of Slo Ϫ/Ϫ Mice-Tail snips were digested overnight at 55°C in 750 l of SNET (20 mM Tris, pH 8, 1 mM EDTA, 1% SDS, 0.4 M NaCl) plus 15 l of 20 mg/ml proteinase K and extracted with an equal volume 1:1 phenol/chloroform. DNA was ethanol-precipitated and 500 ng of DNA (or 2 l of supernatant) was used in PCR reactions (NEB Taq, supplier's reaction condition plus 2% Me 2 SO; amplification conditions: 94°C, 2 min; (94°C, 30 s; 55-50°C, 30 s; 72°C, 2 min) ϫ 5 cycles; (94°C, 30 s; 50°C, 30 s; 72°C, 2 min) ϫ 30 cycles; 72°C, 5Ј; 4°C, hold). Neo 5Ј (5Ј-ATA GCC TGA AGA ACG AGA TCA GC-3Ј) and RA 14025 3Ј (5Ј-CCT CAA GAA GGG GAC TCT AAA C-3Ј) amplify the Slo Ϫ/Ϫ allele product of 800 bp. Exon 1 5Ј-3 (5Ј-TTC ATC ATC TTG CTC TGG CGG ACG-3Ј) and WT 3Ј-2 (5Ј-CCA TAG TCA CCA ATA GCC C-3Ј) amplify the wild-type product of 332 bp.
Isolation of UBSM and Western Blotting-All procedures involving mice were in accordance with Institutional Animal Care and Use Committee policies at the University of Vermont and Stanford University. Slo ϩ/ϩ and Slo Ϫ/Ϫ mice 1.5-3 months of age were sacrificed by intraperitoneal injection of a lethal dose of sodium pentobarbital (150 mg/kg) or CO 2 euthanasia.
For Western blots, urinary bladders were solubilized in lysis buffer (137 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 40 mM HEPES, pH 7.4, 1 mM EDTA, pH 7.4, 2 g/ml aprotinin, 1 g/ml leupeptin, 2 g/ml antipain, 10 g/ml benzamidine, and 0.5 mM phenylmethylsulfonyl fluoride). The insoluble fraction was separated by centrifugation (14,000 ϫ g for 5 min). 5 g of soluble supernatant protein (assayed by Bio-Rad DC protein assay reagent) underwent SDS-PAGE on a 7.5% acrylamide gel prior to being transferred to a nitrocellulose membrane. Membranes were blocked in 4% dry nonfat milk, 2% normal goat serum, 10 mM Tris (pH 8), 0.15 M NaCl, and 0.1% Tween 20 for 1 h. They were then labeled with primary antibodies in blocking solution overnight, 1:5000 each of rabbit polyclonal ␣-Slo (Alamone Labs, Jerusalem, Israel) and mouse monoclonal DM 1A ␣-tubulin (Sigma). Membranes were labeled with 1:500 SuperSignal West Dura horseradish peroxidase-conjugated goat ␣-rabbit and ␣-mouse secondary antibodies (Pierce), and proteins were visualized by SuperSignal chemiluminescence detection (Pierce).
Electrophysiology-UBSM cells from Slo ϩ/ϩ and Slo Ϫ/Ϫ mice were isolated enzymatically for perforated whole-cell patch clamp recordings at 22°C as previously described (15) (16) . The bath and pipette solutions contained the following (mM): 134 NaCl, 6 KCl, MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 Hepes, pH 7.4 (NaOH), and 110 potassium aspartate, 30 KCl, 10 NaCl, 1 MgCl 2 , 0.05 EGTA, 200 g ml Ϫ1 amphotericin B, and 10 Hepes, pH 7.2 (KOH), respectively. Iberiotoxin (Sigma) was used at a final concentration of 100 or 300 nM. Contractility Studies-Contractility experiments were performed at 37°C as previously described (20) using a MyoMed myograph system (MED Associates Inc.). Electrical field stimulation was at 20 Hz (20 V amplitude, alternating polarity between pulses, 0.2-ms stimulation width) delivered once a minute for 2 s. Electrical field stimulation evoked a robust contraction of UBSM strips that was completely blocked by 1 M tetrodotoxin (n ϭ 3). IBTX was dissolved in water and added directly to the bathing solution at a concentration of 100 nM. Spontaneous phasic contractile activity was analyzed using MiniAnalysis (Synaptosoft, Inc.).
Urination Patterns-Female mice 1-2.5 months of age were placed in standard cages for 1 h with the bedding replaced by Whatman Grade 3 filter paper. Food and water were given ad libitum. Urine spots were photographed under UV light (21) (22) .
Statistical Analyses-Results are expressed as means Ϯ S.E. where applicable. Comparisons were made with the two-tailed Student's t test (before and after IBTX application were paired, Slo ϩ/ϩ versus Slo Ϫ/Ϫ were unpaired).
RESULTS
Generation of Slo
Ϫ/Ϫ Mice-To test the hypothesis that BK channel dysfunction leads to overactive bladder and urinary incontinence, we created a targeted mutation of the pore-forming subunit, encoded by the mSlo1 gene, by homologous recombination in embryonic stem cells using standard techniques (14) . A conditional allele of the mSlo1 gene was generated by flanking exon 1 with loxP sites, which enables deletion of exon 1 by expression of Cre recombinase (Fig. 1A) . Exon 1 contains the translation start site as well as the S0 transmembrane segment of the channel necessary for formation of functional channels (23) . Ubiquitous expression of Cre recombinase deletes exon 1, generating a stable, germ line-transmissible mutant allele (Fig. 1B , Slo Ϫ/Ϫ ). mSlo1 transcripts (n ϭ 3) and protein (Fig. 1C) are undetectable in UBSM from Slo Ϫ/Ϫ mice, indicating the allele is a null.
General Phenotypes of Slo Ϫ/Ϫ Mice-We examined the general features of Slo Ϫ/Ϫ mice using behavioral and histological analysis. Although mSlo1 is widely expressed (24) and BK channels are postulated to be important in many tissues, Slo Ϫ/Ϫ mice exhibit grossly normal organ development (n ϭ 5) and neurological signs (n ϭ 10) (25) . Although Slo Ϫ/Ϫ mice are born in approximately normal Mendelian ratios (Fig. 1B, 28 .5% Slo ϩ/ϩ , 50% Slo ϩ/Ϫ , and 21.5% Slo Ϫ/Ϫ , n ϭ 296 mice), they are 27% smaller than Slo ϩ/ϩ littermates (weight at 2 weeks: 
Slo
Ϫ/ϩ , 19.4 Ϯ 0.5 g, n ϭ 20; Slo Ϫ/Ϫ , 20.0 Ϯ 0.9 g, n ϭ 7). On an inbred FVB/NJ background, 40% of Slo Ϫ/Ϫ mice die at an average age of 2.2 Ϯ 0.3 months of unknown causes (n ϭ 48). The surviving mutant mice have apparently normal life spans (Ͼ10 months).
Surprisingly, Slo Ϫ/Ϫ mice are able to produce offspring. Although the efficiency of successful matings is significantly reduced, 1 of 20 Slo Ϫ/Ϫ males (set up for mating to wild-type females) was able to sire a litter of normal size (9 pups, n ϭ 1 litter). Despite the proposed role of BK channels in uterine smooth muscle quiescence during pregnancy (26 -27) , Slo Ϫ/Ϫ females can carry litters to term and adequately feed and care for their pups (average litter sizes from females mated to Slo ϩ/Ϫ males: Slo ϩ/Ϫ mothers, 7.8 Ϯ 0.4 pups, n ϭ 23 litters; Slo Ϫ/Ϫ mothers, 3.9 Ϯ 0.5 pups, n ϭ 7 litters). The pervasive phenotype demonstrated by all Slo Ϫ/Ϫ mice is moderate ataxia. Footprint analysis reveals that Slo Ϫ/Ϫ mice have a shorter stride length (Fig. 2A) . The gait pattern of a 35-cm segment was analyzed for each mouse by inking their feet and running them through a straight tunnel on white paper (25) . Slo ϩ/ϩ mice had an average stride length of 3.1 Ϯ 0.1 cm (n ϭ 5 mice), whereas Slo Ϫ/Ϫ mice displayed an uneven gait pattern with a stride length of 1.8 Ϯ 0.1 cm (n ϭ 6, p Ͻ 0.05). In a test of motor performance, Slo Ϫ/Ϫ mice fell off an accelerating rotarod at significantly slower speeds compared with littermates (Fig. 2B) . However, motor learning is not impaired (Fig. 2, D and E) . Slo Ϫ/Ϫ mice also perform poorly in the hanging wire assay (25), a task requiring grip strength as well as motor coordination for which mice grasp an inverted cage lid and the time period before falling is measured (Fig.  2C ). Our data do not distinguish between deficits in central neurons (cerebellum, basal ganglia, vestibular, or motor), peripheral neurons (sensory), or skeletal muscle, but none of these tissues is abnormal by gross morphology or histological examination in Slo Ϫ/Ϫ mice (n ϭ 7). The underlying cause of the ataxia is currently being investigated with tissue-specific Cre lines and the Slo conditional allele.
Interestingly, 6% of mutants also exhibit persistent spontaneous circling (n ϭ 47). This unidirectional circling is likely because of a functional deficit; necropsies on affected Slo Ϫ/Ϫ mice did not reveal any cerebellar, basal ganglia, vestibular, or other lesions (n ϭ 2).
Slo Encodes Voltage-activated, IBTX-sensitive K ϩ Currents in UBSM-UBSM cells isolated from Slo
ϩ/ϩ mice exhibit a pronounced BK channel current, measured as the voltage-activated outward current inhibited by IBTX, a selective blocker of BK channels (Fig. 3) . BK channel currents are absent in UBSM cells from Slo Ϫ/Ϫ mice (Fig. 3) and Slo Ϫ/Ϫ mice. Mouse feet were inked, and the mice were sent through a 35-cm tunnel to produce a straight running trajectory. Lines indicate the stride length (1.2 cm) for a Slo Ϫ/Ϫ mouse. Slo Ϫ/ϩ mice produce a footprint pattern indistinguishable from Slo ϩ/ϩ . B, rotarod assay. Mice were placed on an accelerating rod (13 rpm/min) to a maximum speed of 79 rpm. Plotted data are the average of two consecutive trials of the rotarod speed at which the mice fell. C, hanging wire assay. Mice were allowed to grasp the wire cage lid, and then the lid was slowly inverted to allow the mice to maintain their grasp for a 60-s trial. The data represent the average of two consecutive trials. D and E, rotarod learning assay. Using the same parameters as in panel B, the average of two trials was graphed for 7 consecutive days: Slo ϩ/ϩ , circles, n ϭ 16; Slo Ϫ/ϩ , squares, n ϭ 11; Slo Ϫ/Ϫ , diamonds, n ϭ 6 (D). *, p Ͻ0.05 Day 1 versus Day 7 for each genotype, indicating motor learning. All mice in the reported assays were Ͼ1 month old and on an inbred FVB/NJ background, except for panel E, which was on a mixed F2 C57BL/6J background (Slo ϩ/ϩ , n ϭ 8; Slo Ϫ/ϩ , n ϭ 9; Slo Ϫ/Ϫ , n ϭ 10).
similar at all voltages (Fig. 4B) . Slo Ϫ/Ϫ UBSM voltage-gated K ϩ current was blocked by 60% with 10 mM tetraethylammonium ion (Fig. 4, C and D (Fig. 5,  A and D) . Consistent with the lack of voltage-activated BK 
cells is inhibited by 60% with 10 mM tetraethylammonium ion (n ϭ 4). D, average tetraethylammonium ion-sensitive current density from Slo Ϫ/Ϫ UBSM cells (n ϭ 4).
currents in UBSM cells of Slo Ϫ/Ϫ mice (Fig. 3) , Ca 2ϩ -activated transient BK currents were not detected in Slo Ϫ/Ϫ mice (Fig. 5,  A and D) . These data indicate that the mSlo1 gene encodes the IBTX-sensitive BK channel activated by both voltage and calcium in UBSM.
A lack of transient BK currents in Slo Ϫ/Ϫ mice could reflect ryanodine receptor (calcium spark) dysfunction. However, calcium sparks were unchanged in Slo Ϫ/Ϫ mice. UBSM cells from Slo ϩ/ϩ and Slo Ϫ/Ϫ mice were loaded with the Ca 2ϩ -sensitive indicator fluo-4, and changes in intracellular Ca 2ϩ were monitored using a laser-scanning confocal microscope. We observed local transient increases in Ca 2ϩ in UBSM cells from both Slo ϩ/ϩ and Slo Ϫ/Ϫ mice (Fig. 5, B and C) , with spatial and temporal characteristics consistent with calcium sparks described previously (10, 17, 29, 30, 32) . Furthermore, Ca 2ϩ spark amplitude and frequency were not different between Slo ϩ/ϩ and Slo Ϫ/Ϫ UBSM cells (Fig. 5, E and F) , and there were no differences in the number of spark sites/UBSM cell (Slo ϩ/ϩ 2.4 Ϯ 0.5, n ϭ 20; Slo Ϫ/Ϫ 2.4 Ϯ 0.5, n ϭ 12), Ca 2ϩ spark duration (Slo ϩ/ϩ 186 Ϯ 17 ms, n ϭ 62; Slo Ϫ/Ϫ 172 Ϯ 19 ms, n ϭ 62), or in the decay of Ca 2ϩ spark events (time constants: Slo ϩ/ϩ 138 Ϯ 16 ms, n ϭ 62; Slo Ϫ/Ϫ 128 Ϯ 18 ms, n ϭ 62). Slo Ϫ/Ϫ Demonstrate Enhanced UBSM Contractility Leading to Urinary Incontinence-We next addressed the functional role of BK channels in urinary bladder contractility utilizing isolated UBSM strips. UBSM strips exhibit spontaneous phasic contractions that are important for the maintenance of urinary bladder tone and, when enhanced, likely contribute to overactive bladder (31) . Phasic contraction area, amplitude, and frequency were increased in Slo Ϫ/Ϫ over Slo ϩ/ϩ mice (Fig. 6, A-C) . Overall phasic contractile activity (frequency ϫ area) was increased 4-fold in Slo Ϫ/Ϫ compared with Slo ϩ/ϩ mice. Urine voiding (micturition) is caused by stimulation of parasympathetic nerves in the bladder wall. To explore the role of BK channels in nerve-mediated urinary bladder contraction, we utilized electrical field stimulation at a physiological frequency to selectively evoke neurotransmitter release in UBSM strips, thereby mimicking the excitation that occurs during micturition. Blocking BK channels with IBTX in Slo ϩ/ϩ UBSM strips resulted in a 40% enhancement of nerve-mediated contractions, an effect that was absent in Slo Ϫ/Ϫ strips (Fig. 6, D  and E) . Nerve-mediated contractions of UBSM strips from Slo Ϫ/Ϫ mice were significantly greater than the force produced by Slo ϩ/ϩ strips (Fig. 6, D and F) . However, the contractile force elicited during membrane potential depolarization by elevating bathing (K ϩ ) to 60 mM was not different between Slo ϩ/ϩ (5.7 Ϯ 1.0 mN, n ϭ 8) and Slo Ϫ/Ϫ strips (5.3 Ϯ 0.9 mN, n ϭ 8). Normalizing the nerve-mediated force to the K ϩ -induced force in each UBSM strip indicated a 3-fold increase in nerve-mediated contractions in Slo Ϫ/Ϫ UBSM (Fig. 6G) . Therefore, in addition to increased phasic contractility in Slo Ϫ/Ϫ mice (Fig. 6 , A-C), nerve-mediated contractions are also dramatically enhanced when BK channels are absent (Fig. 6, D-G) .
The expression of BK channels in UBSM and the robust increase in UBSM contractility demonstrated by Slo Ϫ/Ϫ mice suggest that BK channels may be critical for normal bladder (Fig. 6, H-J, 2.3 Ϯ 0.4) . However, Slo Ϫ/Ϫ mice produced 8.8 times more small urine spots (Ͻ0.5 cm) than Slo ϩ/ϩ mice. Additionally, Slo Ϫ/Ϫ mice exhibited yellow perineal staining (n ϭ 10), which was absent in Slo ϩ/ϩ littermate controls (n ϭ 10). No significant differences in water intake (Slo ϩ/ϩ 3.3 Ϯ 0.1 ml/day, n ϭ 5; Slo Ϫ/Ϫ 3.2 Ϯ 0.3 ml/day, n ϭ 10) or urine production, measured as urine-specific gravity (Slo ϩ/ϩ 1.058 Ϯ 0.006, n ϭ 9; Slo Ϫ/Ϫ 1.072 Ϯ 0.003, n ϭ 7), were observed that could account for the increased urination frequency observed in Slo Ϫ/Ϫ mice. This suggests that the overactivity in Slo Ϫ/Ϫ bladders is not a result of increased urine production by the kidneys but is a functional deficit in the urinary bladder itself caused by the absence of BK channels.
DISCUSSION
In this study, we have demonstrated that the absence of functional BK currents (Figs. 3-5 ) significantly enhances basal and nerve-mediated UBSM contractility (Fig. 6, A-G) , leading to bladder overactivity and urinary incontinence (Fig. 6, H-J) .
BK channels normally activate in response to depolarization and increases in intracellular Ca 2ϩ during UBSM action potentials, thereby limiting excitability and contractility. Without this feedback pathway, as in Slo Ϫ/Ϫ mice, excitability remains unchecked, leading to detrusor muscle instability, a primary cause of urinary incontinence.
Currently, the underlying basis of human bladder detrusor instability is not well understood, and its etiology likely involves a number of interrelated factors. Our study suggests that BK channels could be a potent therapeutic target for both neurologic and myogenic causes of bladder dysfunction. The increased frequency of spontaneous contractions in Slo Ϫ/Ϫ mice suggests that enhancing feedback modulation by potentiating BK channels in patients with underlying myogenic causes for incontinence could alleviate bladder overactivity. Similarly, the increased force of contractions in response to a voiding stimulus in UBSM of Slo Ϫ/Ϫ mice suggests that individuals with neurologically caused incontinence would also benefit from BK channel augmentation. Consistent with this idea, delivery of hSlo1 cDNA into rat urinary bladder decreased bladder overactivity caused by partial urethral outlet obstruction (31) . Thus, the development of selective BK channel activators (3, 5-6) may be an effective therapy for the variety of bladder overactivity dysfunctions observed in patient populations, without the undesirable side effects of existing autonomic antagonists. Finally, these novel results provide definitive evidence that BK channel dysfunction can lead to overactive bladder and urinary incontinence.
